port and oxidative phosphorylation, mitochondria appeared swollen and had adopted a disk-like shape with Division of Genomic Medicine School of Medicine and Biomedical Science a central region of reduced fluorescence ( Figure 1A) . In all cases, mitochondria remained distributed throughUniversity of Sheffield Sheffield S10 2RX out the cytoplasm. tion from elongated to round morphology ( Figure 1B ; 11]. However, if and how mitochondrial function con- Table S1 ). trols mitochondrial shape through regulation of mitoIt was reported that during apoptosis accompanied chondrial fission and fusion is unclear. Here, we show by mitochondrial dysfunction, mitochondria fragment that inhibitors of electron transport, ATP synthase, or to form small, rounded mitochondria similar to those the permeability transition pore (mtPTP) induced rewe observed [10, 11]. Furthermore, disk-shaped mitoversible mitochondrial fission. Mitochondrial fission chondria were observed in neurodegenerative diseases depended on dynamin-related protein 1 (DRP1) and that involve abnormal mitochondrial function and apo-F-actin: Disruption of F-actin attenuated fission and ptosis [12, 13] and in heat-shocked cells [14] . The inrecruitment of DRP1 to mitochondria. In contrast, unducing drugs were removed, and mitochondrial shape coupling of electron transport and oxidative phoswas quantified after 1 or 2 hr of recovery by measurephorylation caused mitochondria to adopt a distinct ment of AR mit to assess whether the inhibitor-induced disk shape. This shape change was independent of mitochondrial shape changes were caused by irreversthe cytoskeleton and DRP1 and was most likely ible damage to mitochondria associated with apoptocaused by swelling. Thus, disruption of mitochondrial sis. One hour after removal of inhibitors of electron function rapidly and reversibly altered mitochondrial transport, ATP synthase or mtPTP AR mit increased to shape either by activation of DRP1-dependent fission control levels, showing that the elongated shape of or by swelling, indicating a close relationship bemitochondria was restored. Similarly, the uncouplingtween mitochondrial fission, shape, and function.
; see Supplequently and include fusion, fission, and branching [3] .
mental Experimental Procedures). AR mit of elongated, It was reported that some mitochondrial shape transiuntreated mitochondria was 2.22. All inhibitors caused tions are developmentally regulated [4, 5] , whereas a significant reduction in AR mit , indicative of the transiothers were linked to disease [6-9] or apoptosis [10, tion from elongated to round morphology ( Figure 1B ; 11]. However, if and how mitochondrial function con- Table S1 ). trols mitochondrial shape through regulation of mitoIt was reported that during apoptosis accompanied chondrial fission and fusion is unclear. Here, we show by mitochondrial dysfunction, mitochondria fragment that inhibitors of electron transport, ATP synthase, or to form small, rounded mitochondria similar to those the permeability transition pore (mtPTP) induced rewe observed [10, 11]. Furthermore, disk-shaped mitoversible mitochondrial fission. Mitochondrial fission chondria were observed in neurodegenerative diseases depended on dynamin-related protein 1 (DRP1) and that involve abnormal mitochondrial function and apo-F-actin: Disruption of F-actin attenuated fission and ptosis [12, 13] and in heat-shocked cells [14] . The inrecruitment of DRP1 to mitochondria. In contrast, unducing drugs were removed, and mitochondrial shape coupling of electron transport and oxidative phoswas quantified after 1 or 2 hr of recovery by measurephorylation caused mitochondria to adopt a distinct ment of AR mit to assess whether the inhibitor-induced disk shape. This shape change was independent of mitochondrial shape changes were caused by irreversthe cytoskeleton and DRP1 and was most likely ible damage to mitochondria associated with apoptocaused by swelling. Thus, disruption of mitochondrial sis. One hour after removal of inhibitors of electron function rapidly and reversibly altered mitochondrial transport, ATP synthase or mtPTP AR mit increased to shape either by activation of DRP1-dependent fission control levels, showing that the elongated shape of or by swelling, indicating a close relationship bemitochondria was restored. Similarly, the uncouplingtween mitochondrial fission, shape, and function.
induced AR mit decrease was reversed after 2 hr of reFurthermore, our results suggest that the actin cycovery ( Figure 1B) . In all cases, the cells proliferated toskeleton is involved in mitochondrial fission by fanormally after recovery (data not shown). These results cilitating mitochondrial recruitment of DRP1.
indicated that both shape changes were not damage responses related to apoptosis but were likely to be Results and Discussion physiologically induced in response to changes in mitochondrial activity. We also observed these shape Examination of the events underlying uncouplinginduced formation of disk-shaped mitochondria revealed a remarkable, fast shape transition. Initially, a local swelling occurred along the length or at one end of the mitochondria. In the first case, the swelling propagated along the mitochondrion, whereas in the latter case, the initial swelling at the tip was retained, and the remainder of the mitochondrion was drawn in ( Figure  2C ; Movies S3 and S4). Quantitative analysis of AR mit showed that a full response to uncoupling was obtained within 10 min and was already at the half-way point at the initial measurement 2.5 min after uncoupling ( Figure 2D ). In fact, when focus was maintained during inhibitor addition, we found that the response was instantaneous for most mitochondria (data not shown; Movie S3). Uncoupling did not affect area mit , indicating that mitochondria only changed shape. n mit decreased by 40%, suggesting some mitochondrial fusion ( Figure 2D ). However, because mitochondria retracted somewhat from the cell periphery, it is possible that we underestimated n mit due to incomplete segmentation. Disk-shaped, swollen mitochondria were also observed under cellular stress conditions, such as heat shock [14] , or during disease [12, 13] , indicating that uncoupling might cause the mitochondrial changes in these cases. Apparently in contrast to our results, it was shown that uncoupling can induce mitochondrial fission [17, 18] . In those studies, however, blasts with MitoTracker to visualize mitochondria indicated that the mitochondrial shape changes were not unique for CV1-4A or To substantiate the role of F-actin in DRP1-dependent mitochondrial fission, we analyzed the amount of DRP1 bound to mitochondria by colocalization ( Figure  4B ) and Western-blot analysis ( Figure 4C ). In CV1-4A cells, DRP1 was found as punctuate staining that partly colocalized with mitochondria (31.54 ± 2.07%). As expected, induction of mitochondrial fission increased DRP1 colocalization with mitochondria. Disruption of F-actin as such did not change the pattern of DRP1 staining or the amount of colocalization, but when mitochondrial fission was induced, DRP1 colocalization was no longer significantly increased. These analyses suggested that disruption of F-actin prevented recruitment of DRP1 to mitochondria but did not displace DRP1 that was already mitochondria bound. Similar results were obtained by Western-blot analysis of total cell lysates and mitochondrial fractions (Figure 4C) . Inhibition of mitochondrial function or disruption of F-actin did not change the amount of DRP1 In summary, we have described two major mitochondrial shape transitions in response to mitochondrial function changes that are reversible and appear to re-
